BMP pathway, Mad and Medea (21), in bam ∆86 and udd 1 bam ∆86 double mutants. Disruption of udd resulted in reduced levels of Mad but not Medea or histone H2B, indicating that modulation of rRNA transcription affects the expression of specific proteins that regulate cell-fate decisions within the GSC lineage ( Fig. 4I and fig.  S16 ). Down-regulation of Mad in response to reduced rRNA transcription likely acts in concert with other mechanisms that extinguish BMP signaling in GSC daughters displaced away from the stem cell niche (22, 23).
Supplementary Materials
Lenalidomide is a drug with clinical efficacy in multiple myeloma and other B cell neoplasms, but its mechanism of action is unknown. Using quantitative proteomics, we found that lenalidomide causes selective ubiquitination and degradation of two lymphoid transcription factors, IKZF1 and IKZF3, by the CRBN-CRL4 ubiquitin ligase. IKZF1 and IKZF3 are essential transcription factors in multiple myeloma. A single amino acid substitution of IKZF3 conferred resistance to lenalidomide-induced degradation and rescued lenalidomide-induced inhibition of cell growth. Similarly, we found that lenalidomide-induced interleukin-2 production in T cells is due to depletion of IKZF1 and IKZF3. These findings reveal a previously unknown mechanism of action for a therapeutic agent: alteration of the activity of an E3 ubiquitin ligase, leading to selective degradation of specific targets.
L enalidomide is a highly effective drug for the treatment of multiple myeloma (1) and has activity in other B cell lymphomas. In addition, lenalidomide and its analogs thalidomide and pomalidomide have multiple additional biological effects, including teratogenicity, stimulation of interleukin-2 (IL-2) production by T cells (2) , and inhibition of tumor necrosis factor production by monocytes (3) , but the molecular basis of these pleiotropic activities is unknown.
Using an immobilized derivative of lenalidomide in combination with SILAC (stable isotope labeling of amino acids in cell culture)-based quantitative mass spectrometry (MS), we found that lenalidomide binds DDB1 and CRBN that, together with CUL4 and ROC1, form an E3 ubiquitin ligase (CRBN-CRL4) ( fig. S1 ). The same target has recently been reported to bind thalidomide and has been implicated in the teratogenetic effects of thalidomide (4). The finding that CRBN-DDB1 binds both lenalidomide and thalidomide in independent proteomic studies provides powerful evidence that this ubiquitin ligase complex is a major direct proteinbinding partner for this class of molecules.
We hypothesized that the pleiotropic effects of lenalidomide might be caused by altered ubiquitination of target proteins. Specificity of the CRL4 ubiquitin ligase is mediated by an interchangeable substrate receptor, but no targets have been identified for CRBN, a putative substrate receptor (4-6). To characterize lenalidomideinduced modulation of CRBN-CRL4 ubiquitin ligase activity, we used SILAC-based quantitative MS studies to characterize changes in the ubiquitinome and proteome in the MM1S multiple myeloma cell line. Ubiquitination profiling was completed through the enrichment of formerly ubiquitinated peptides with an antibody to K-e-GG (Fig. 1A) (7, 8) . Two proteins, Ikaros (IKZF1) and Aiolos (IKZF3), scored at the top of the lists of proteins regulated by lenalidomide at both the protein and ubiquitin-site level (Fig. 1, B and C) . Lenalidomide decreased the abundance of IKZF3 (log 2 ratio -2.09) and IKZF1 (log 2 ratio -1.54). Whereas increased ubiquitination would be expected to be associated with decreased protein abundance, we observed a decrease in ubiquitination of multiple lysine residues of IKZF1 and IKZF3 after treating cells with lenalidomide for 12 hours before addition of the proteasome inhibitor MG132. A likely interpretation of these results is that IKZF1 and IKZF3 are rapidly ubiquitinated, targeting them for degradation and resulting in a decrease in abundance of both ubiquitinated and absolute levels of these proteins. IKZF1 and IKZF3 also scored at the top of the list of thalidomide-regulated proteins, which is consistent with the similar biological activity of the molecules ( fig. S2 ).
In parallel, we examined the landscape of lenalidomide-dependent CRBN protein interactions ( fig. S3 ). We found that binding of IKZF1 and IKZF3 to the putative CRBN substrate receptor that was enhanced in the presence of lenalidomide (Fig. 1D and fig. S3 ). As expected, we pulled down all of the members of the CRBN-CRL4 ubiquitin ligase and proteins known to interact with DDB1, including subunits 1 to 8 of the COP9 signalosome complex, in both, untreated, or lenalidomidetreated cells. No other known substrate receptors for DDB1 were coimmunoprecipitated, indicating that CRBN is a substrate receptor and precludes binding of alternative receptors to DDB1. In aggregate, the proteomic data suggest that lenalidomide increases the binding of IKZF1 and IKZF3 to the CRBN-DDB1 ubiquitin ligase complex, leading to increased ubiquitination and consequent degradation.
To validate this putative mechanism, we analyzed whether lenalidomide causes posttranscriptional regulation of IKZF1 and IKZF3 protein abundance. The cDNAs of candidate genes, fused to firefly luciferase (FFluc), were expressed in 293T cells (9) . IKZF1 and IKZF3 conferred a lenalidomide-regulated decrease in luciferase activity. In contrast, luciferase levels were not altered after lenalidomide treatment when FFluc was fused to RAB28, a protein that decreased in abundance after lenalidomide treatment but did not bind to CRBN. Similarly, lenalidomide did not alter the abundance of FFluc fused to three other transcription factors of the Ikaros family, Helios (IKZF2), Eos (IKZF4), and Pegasus (IKZF5); IRF4, a protein implicated in lenalidomide activity (10) ; or the transcription factors HOXA9 and Myc ( Fig.  2A) . We confirmed that in MM1S cells stably expressing hemagglutinin (HA)-IKZF1 or HA-IKZF3, lenalidomide caused a dose-dependent reduction of both proteins ( fig. S5 ). Taken together, these results demonstrate the selective regulation of IKZF1 and IKZF3 levels in response to lenalidomide.
We next examined endogenous protein expression in response to lenalidomide. Lenalidomide strongly decreased the abundance of IKZF1 and IKZF3 in a dose-dependent manner in cell lines ( Fig. 2B and fig. S4A ) as well as in primary multiple myeloma samples (Fig. 2E) , as did thalidomide and pomalidomide ( fig. S4C ). Depletion of these proteins was evident in as little as 3 hours after lenalidomide treatment (Fig. 2C ). In contrast, IKZF1 and IKZF3 mRNA levels were not altered by lenalidomide treatment (Fig. 2D and fig. S4B ).
Lenalidomide induced ubiquitination of HAtagged IKZF1 and IKZF3 expressed in MM1S (Fig. 2F ) and 293T cells as well as endogenous IKZF1 and IKZF3 ( fig. S6 ). Cullin-RING ubiquitin ligase (CRL) activity depends on NEDDylation (11) , and treatment with the Nedd8 enzyme inhibitor MLN-4924 prevented the lenalidomideinduced decrease of IKZF1 and IKZF3 ( fig. S5 ). These experiments demonstrate that lenalidomideinduced degradation of IKZF1 and IKZF3 involves ubiquitination by a cullin-based E3 ubiquitin ligase.
We next sought to determine whether lenalidomide-induced ubiquitination of IKZF1 and IKZF3 is caused by altered binding of these proteins to CRBN, as observed in our proteomic studies. We confirmed that more IKZF1 and IKZF3 coimmunoprecipitated with endogenous CRBN in cells treated with lenalidomide (Fig. 3A) . If CRBN is essential for lenalidomide-induced degradation of IKZF1 and IKZF3, then loss or mutation of CRBN would inhibit the effect of the drug. Knockdown of CRBN by short hairpin RNAs (shRNAs) as well as expression of the CRBN YWAA mutant (4) that does not bind lenalidomide abrogated degradation of IKZF1 and IKZF3 and conferred lenalidomide resistance to MM1S cells ( fig. S7 ), which is consistent with previous studies that have shown CRBN to be essential for lenalidomide activity in multiple myeloma (12, 13) . IKZF3 was ubiquitinated in vitro when coimmunoprecipitated with CRBN from 293T cells, demonstrating that IKZF3 is an enzymatic substrate of the CRBN complex (Fig. 3B ). These studies demonstrate that lenalidomide causes increased binding of IKZF1 and IKZF3 to CRBN and promotes their ubiquitination and degradation.
In order to identify a degron sequence in IKZF3 responsible for lenalidomide sensitivity, we generated a series of deletion mutants and identified a 59-amino acid sequence that is sufficient for lenalidomide sensitivity, of which 30 amino acids are essential (Fig. 3, C and D, and fig. S8 ). The critical amino acid sequence lies within zinc finger domain 2, which is highly homologous be- tween Ikaros proteins. IKZF2 and IKZF4, which are not sensitive to lenalidomide, differ from IKZF1 and IKZF3 at only one position within this critical region (Fig. 3D) . www.sciencemag.org SCIENCE VOL 343 17 JANUARY 2014 Q, Gln.) In the mutants, other amino acids were substituted at certain locations; for example, Q147H indicates that glutamine at position 147 was replaced by histidine. Conversely, when the corresponding histidine (H188) in IKZF4 was changed to glutamine (IKZF4 H188Q ), IKZF4 was degraded after lenalidomide treatment (Fig. 3D) . Binding to CRBN in the presence of lenalidomide is decreased for IKZF3
Q147H as compared with wildtype IKZF3 (fig. S8C ). This domain is therefore necessary and sufficient for lenalidomide-induced binding to CRBN and subsequent protein degradation, and amino acid changes in this region provide the basis for differential sensitivity to lenalidomide between Ikaros family members.
Having demonstrated that lenalidomide regulates IKZF1 and IKZF3 ubiquitination and abundance, we next sought to determine whether these proteins mediate specific biological and therapeutic effects of lenalidomide. IKZF1 and IKZF3 are essential transcription factors for terminal differentiation of B and T cell lineages (14, 15) . Whereas IKZF1 is highly expressed in early lymphoid progenitors, IKZF3 is expressed at high levels in more mature B cell neoplasms (16, 17) , and mouse studies have demonstrated that IKZF3 is required for the generation of plasma cells, which are the physiologic counterparts of multiple myeloma cells (18) . Therefore, we examined the dependence of multiple myeloma cells on IKZF1 and IKZF3 expression by genetic silencing of these proteins using RNA interference. IKZF1 and IKZF3 shRNAs that effectively decrease expression of the target proteins ( fig. S11 ) inhibited growth of lenalidomide-sensitive multiple myeloma cell lines, whereas lenalidomide-insensitive cell lines were unaffected (Fig. 4A and fig. S9 ). Similarly, expression of a dominant negative IKZF3 isoform that lacks the complete DNA binding region resulted in depletion of MM1S cells (Fig. 4B) . Overexpression of IKZF3 conferred relative lenalidomideresistance to MM1S cells when competed with MM1S cells infected with a control retrovirus ( fig. S9B) . Moreover, MM1S cells expressing the lenalidomide-resistant IKZF3 Q147H mutation were relatively resistant toward lenalidomide when competed against MM1S cells expressing wild-type IKZF3 (Fig. 4B) . These studies indicate that the antiproliferative effect of lenalidomide in multiple myeloma cells is mediated by depletion of IKZF1 and IKZF3.
The transcription factor IRF4 was previously reported to be an essential gene in multiple myeloma and was implicated in the activity of lenalidomide in this disease (10, 19) . Although IRF4 protein levels were only slightly decreased in our protoemic analysis after 12 hours of treatment, we observed a decrease of IRF4 mRNA and protein when cells were treated for 24 hours and longer. Knockdown of IKZF3 also suppressed IRF4 mRNA levels, suggesting that IRF4 is a transcriptional target of IKZF3 ( fig. S10) .
IKZF3 binds the IL2 gene promoter and represses IL2 transcription in T cells (20, 21) . We therefore sought to determine whether lenalidomide regulates IL-2 levels by modulating IKZF3 expression. Both IKZF1 and IKZF3 protein levels decrease markedly in primary human T cells treated with lenalidomide (Fig. 4D) . Lenalidomide induced IL2 mRNA expression by 3.3-fold in T cells expressing a control shRNA. shRNA-mediated knockdown of IKZF3 or IKZF1 induced IL-2 expression and repressed further response to lenalidomide (Fig. 4E) . Similarly, the effect of lenalidomide on IL2 expression was abrogated by shRNA knockdown of CRBN (Fig. 4F ). These studies demonstrate that induction of IL-2 is mediated by derepression of the IL-2 promoter by depletion of IKZF3.
In aggregate, our studies demonstrate that lenalidomide acts via a previously unknown mechanism of drug activity-enforced binding of the substrate receptor CRBN to IKZF1 and IKZF3-resulting in selective ubiquitination and degradation of the target proteins. IKZF1 and IKZF3 play central roles in the biology of B and T cells, and ablation of protein expression for these transcription factors explains the activity of lenalidomide in lymphoid cells. In particular, IKZF3 is critical for plasma cell development, and our data indicate that IKZF3 is essential in multiple myeloma, a plasma cell malignancy, providing a mechanistic basis for therapeutic efficacy in this disorder (18) . Moreover, the activity of lenalidomide in other B cell neoplasms, including mantle cell lymphoma (22) and chronic lymphocytic leukemia (23), may be explained by high IKZF3 expression in these disorders (16) . Somatic inactivation of IKZF1 and IKZF3 occurs in acute lympho- + T cells were stimulated with platebound antibody to CD3 and antibody to CD28 and treated with different concentrations of lenalidomide for 24 hours. (E and F) T cells were infected with lentiviral vectors expressing shRNAs targeting the indicated genes. After selection with puromycin, T cells were stimulated with antibody to CD3/CD28 Dynabeads and treated with DMSO or 1 mM lenalidomide for 12 hours before lysis. IL-2 RNA expression levels were analyzed by quantitative reverse transcription polymerase chain reaction by using glyceraldehyde-3-phosphate dehydrogenase expression as an internal control. blastic leukemia, resulting in an accumulation of immature lymphoid progenitor cells, which is consistent with an essential role for these factors in lympohid differentiation (24, 25) . In T cells, ablation of IKZF3-mediated repression of IL-2 gene expression provides a mechanism for increased IL-2 production in response to lenalidomide. The teratogenicity of thalidomide and the efficacy of lenalidomide in myelodysplastic syndrome may be mediated by alternative substrates in different cellular lineages. RING-based E3 ubiquitin ligases are characterized by a high specificity for their substrates and therefore represent promising drug targets (26) . Our studies reveal that lenalidomide modulates the activity of the CRL4-CRBN complex to increase ubiquitination of two transcription factors, IKZF1 and IKZF3, which would otherwise be considered "undruggable." A plant hormone, auxin, appears to act similarly, increasing the interaction between a ubiquitin ligase and a specific substrate, suggesting that this mechanism might be operative in additional biological contexts (27) . Selective ubiquitination and degradation of specific targets provides a previously unidentified mechanism of therapeutic activity for proteins that are not otherwise amenable to small-molecule inhibition. Thalidomide-like drugs such as lenalidomide are clinically important treatments for multiple myeloma and show promise for other B cell malignancies. The biochemical mechanisms underlying their antitumor activity are unknown. Thalidomide was recently shown to bind to, and inhibit, the cereblon ubiquitin ligase. Cereblon loss in zebrafish causes fin defects reminiscent of the limb defects seen in children exposed to thalidomide in utero. Here we show that lenalidomide-bound cereblon acquires the ability to target for proteasomal degradation two specific B cell transcription factors, Ikaros family zinc finger proteins 1 and 3 (IKZF1 and IKZF3). Analysis of myeloma cell lines revealed that loss of IKZF1 and IKZF3 is both necessary and sufficient for lenalidomide's therapeutic effect, suggesting that the antitumor and teratogenic activities of thalidomide-like drugs are dissociable.
F ifty years ago, thalidomide was used for insomnia and morning sickness but was later banned because of its teratogenicity, manifest as profound limb defects. Thalidomide and the related drugs lenalidomide and pomalidomide (IMiDs) have regained interest, however, as immunomodulators and antineoplastics, especially for multiple myeloma and other B cell malignancies (1-3) . Nonetheless, the biochemical mechanisms underlying their teratogenic and therapeutic activities, and whether they are linked, are unknown.
In this regard, thalidomide was recently shown to bind to cereblon, which is the substraterecognition component of a cullin-dependent ubiquitin ligase, and to inhibit its autoubiquitination activity (4) . Treatment of zebrafish with cereblon morpholinos or thalidomide caused fin defects (4), suggesting that IMiDs act by stabilizing cereblon substrates. However, myeloma cells rendered IMiDs-resistant have frequently down-regulated cereblon (5) (6) (7) (8) . Conversely, high cereblon concentrations in myeloma cells are associated with increased responsiveness to IMiDs (9, 10) . Collectively, these observations suggest that IMiDs are not simply cereblon antagonists but, instead, alter the substrate specificity of cereblon to include proteins important in myeloma.
To look for such proteins, we made a plasmid library encoding 15,483 open reading frames (ORFs) fused to firefly luciferase (Fluc), knowing that the stabilities of such fusions are usually influenced by the ubiquitin ligase(s) for the corresponding unfused ORF (11) (12) (13) . Indeed, Elledge and co-workers used a green fluorescence protein (GFP)-ORF library to monitor the stabilities of thousands of ORFs after specific perturbations (13) . Partly on the basis of their work, we inserted a renilla luciferase (Rluc) reporter into each ORF-luciferase cDNA for normalization purposes and placed both reporters under internal ribosome entry site (IRES) control (Fig. 1A and  fig. S1 ).
In pilot experiments 293FT embryonic kidney cells grown in multiwell plates were transfected with the ORF-luciferase library (one ORF per well) and treated with the proteasome inhibitor MG132, the hydroxylase inhibitor dimethyloxalylglycine (DMOG), or vehicle. Fluc/Rluc values measured 36 to 48 hours later were stable over a wide range of input plasmid concentrations ( fig. S2 ). As expected, MG132 stabilized many proteasomal substrates and DMOG stabilized HIF1a, which is rapidly degraded when prolyl hydroxylated ( fig. S3 ).
